T he high cost of cellular spectrum has motivated network providers to seek advanced MIMO techniques to improve spectral efficiency [2, 1] . Yet, only point-to-point MIMO multiplexing can be performed efficiently in current networks [3] . More advanced MIMO solutions, such as massive MIMO, coordinated multi-point, distributed MIMO, and multi-user MIMO, all require the base station to know the downlink channels prior to transmission. In the absence of this information, the base station cannot beamform its signal to its users.
Today, the only way to learn the downlink channels is to have the user device perform the measurements and send the channels back to the base station. Measuring the channels on the one thousand LTE subcarriers for every antenna on the base station, and feeding those measurements back to the base station generates much overhead. This feedback overhead is excessive even in today's networks which have a limited number of antennas on the base stationabout 4.6 Mb/s of signaling per user in a 20 MHz 4×2 network [2, 1] . The problem escalates in future 5G networks, which rely on large MIMO systems with many antennas (massive MIMO, CoMP, etc.). In fact, the LTE standardization body that is investigating high-order MIMO systems with up to 64 antennas (Release 13), has declared this problem as a major challenge for future LTE networks [3] 1.
Our goal is to enable cellular base stations to estimate the downlink channels without any user feedback. A natural approach that can help us achieve this goal is channel reciprocity. Reciprocity implies that uplink and downlink channels are the same,2 so long as both the base station and the clients transmit on the same frequency band. Indeed, reciprocity has been proposed to minimize channel feedback in Wi-Fi networks, where both the access point and its clients transmit on the same frequency. Unfortunately, the vast majority of today's cellular connections (including every LTE network in the U.S.) employ Frequency Division Duplexing (FDD), i.e., they transmit data from the phone and base station at different dedicated frequency bands. Thus, extending reciprocity to LTE networks requires answering the following fundamental question: How do we infer the wireless channels on one frequency band by observing those channels on a different band?
OUR SOLUTION: R2-F2
We introduce R2-F2, a system that can infer the RF channels on one band by observing them on a different band. Before we dive into R2-F2, let's explain why wireless channels vary across frequency bands in the first place. RF signals are waves, whose phase changes with time and frequency. The wireless channels are the result of those waves traversing multiple paths, reflecting off walls and obstacles, then combining at the receiver. Due to their frequency-dependent phases, RF waves that combine to reinforce each other on one frequency may cancel each other on another frequency. As a result, wireless channels could look quite different at different frequencies.
R2-F2 infers wireless channels across frequencies by leveraging a simple observation: while the channels change with frequencies, the underlying physical paths traversed by the signal stay the same. Hence, R2-F2 operates by identifying a transform that allows it to map the observed channels to the underlying paths, then map them back to the channels at a different frequency, as shown in Fig. 1 .
But how do we identify a frequencyinvariant transform for mapping channels to paths? It is natural to look into past work on RF-based localization systems since, like us, they need to relate RF channels to the underlying paths. Localization systems [8, 4] exploit the MIMO antennas on a base station to create a power profile that shows the spatial directions of the incoming signal, as illustrated in Fig. 2 (d) . Each peak in the profile is, then, associated with the direction of an underlying path. Unfortunately, these localization power profiles are unsuitable for our purpose. While they reveal information about the direction of the signal, they lack information about the exact distance travelled by the signal and whether the path is direct or reflected off a wall. Such missing parameters introduce frequency-dependent phase variations in RF waves travelling along different spatial paths, and hence, change the channel values. Furthermore, In Section "Intuition Underlying R2-F2, " we show that, due to windowing and superposition effects, the power profiles change with frequency and deviate from the spatial directions of the underlying paths. Our empirical results demonstrate that using the localization power profiles for recovering the underlying channels eliminates 60% of MIMO SNR gains.
R2-F2 builds on the insights learned from RF-localization, but it is the first to enable LTE base stations to infer the downlink channels without any feedback, and at an accuracy suitable for MIMO techniques. We designed a channel-topath transform that incorporates the information needed to predict channels across frequencies. We further embed this transform in a full system that overcomes additional practical challenges, including accounting for: (1) frequency offset between the user and the base station; (2) hardware differences in transmit and receive chains; and (3) packet detection delay -all of which affect wireless channels differently at different frequency bands. 1 For example, with 64-antenna base stations, the need to learn the downlink channels consumes 48% of the traffic generated by the base station, simply to send per-antenna reference signals [3] .
2 Modulo a constant factor.
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Wireless Channels Primer
Wireless channels describe how the signal changes as it propagates from transmitter to receiver. They are a direct function of the paths along which the signal propagates as well as the transmission frequency. In particular, the channel of a narrowband signal traversing a single path is given by [5] :
where λ is the wavelength, a is the path attenuation, d is the distance the path traverses, and ϕ is a frequency-independent phase that captures whether the path is direct or reflected.
Since the signal travels along multiple paths, say N, the channel at a receive antenna can be written as:
λ n N which is the sum of the channel components over all paths that the signal takes between transmitter and receiver.
Finally, we note that base-stations have multiple antennas, so they obtain one channel per antenna. For a K antenna base station, the set of channels, h i on antenna i is:
where θn is the angle-of-arrival of the signal along path n, d n is the distance travelled by the signal along path n to the first antenna and l is the pairwise separation between antennas on the base station. Note that the above equation depends both on frequency and all underlying signal propagation paths.
Intuition Underlying R2-F2
R2-F2's primary objective is to infer wireless channels on a target frequency band, given the wireless channels on a different frequency band. In order to achieve this objective, R2-F2 relies on the observation that the channels are the direct result of the signal paths. While the channels change across frequencies, the underlying paths stay the same. Thus, if one could obtain a frequency-invariant representation of signal paths from wireless channels on any given frequency, one can recreate an estimate of the channels at any other frequency of interest. But what is a frequency-independent representation of signal paths that can be mapped to (and from) wireless channels? The answer to this question lies in Eqn. 3, which defines wireless channels based on underlying propagation paths. Specifically, wireless channels h i depend on four distinct attributes of signal paths: (1) Their attenuation a n; (2) Their frequencyindependent phase ϕ n, that distinguishes the direct path from reflected paths; (3) Their angle of arrival θ n; (4) The distance they traverse d n. These four quantities, when listed for each path, fully define the wireless channels on any given frequency. More importantly, none of these parameters depend on the frequency at which the channel is obtained. In other words, set of four-tuples of the form (a n , ϕn , θn , dn ) is [HIGHLIGHTS]
a natural representation of signal paths that is frequency-invariant.
Now that we have a representation of signal paths, we need to understand how to extract it given wireless channels on any frequency. To do so, observe that wireless channels in Eqn. 3 take the form of the familiar discrete Fourier transform (parameterized by spatial angle-of-arrival cos θ). In particular, this Fourier transform takes as input quantities that depend directly on our signal path four-tuples. Since the discrete Fourier transform is invertible, one might wonder if we can simply apply the inverse Fourier transform to retrieve the signal paths given wireless channels. Unfortunately, our task is not this simple. This is because, upon inverting the Fourier transform, we get quantities that depend not just on our signal path four-tuples, but also the frequency. As a result, teasing apart signal four-tuples from wireless channels requires removing this dependency on frequency.
To understand how to achieve this, it is instructive to study how the same signal 4-tuples manifest as different wireless channels on two different frequencies, say 600MHz and 650MHz. We do so in the context of a specific example. Consider Fig. 2(a) , which depicts signals from the phone to the base station traversing two paths. Let the corresponding signal path 4-tuples be: (a 1 , ϕ 1 , θ 1 = 80˚, d 1 = 19.5m) and (a 2 , ϕ 2 , θ 2 = 105˚, d 2 = 23m). These undergo four distinct transformations, inclusive of the Fourier transform, before they become the overall wireless channels on the two frequencies, from Fig. 2(a) to (e)-(e'), as described below:
• Phase Variation, Fig. 2 
(a) to (b)-(b'):
We first begin by mapping the signal path 4-tuples to inputs of the Fourier tranform. Recall from Eqn. 3 that these inputs are simply the wireless channel components along individual paths at the two frequencies. Fig. 2(b)-(b' ) visualizes the amplitude and phase of the signal components from the two paths across angle-of-arrival. As expected, both these plots have two spikes that correspond to the two paths, scaled by their respective attenuations. In fact, the two plots differ only in the phase of the spikes, which scales inversely with the wavelength of the two bands.
• Windowing Effect, Fig. 2(b)-(b' ) to (c)-(c'): Before we can apply the Fourier transform, we need to account for an effect that occurs since the cellular base station has a limited number of antennas (5 in our example). Specifically, this means that the base station samples the signal from the two paths within a window of space (the space between the first and last antenna). Since the channels are observed only within a window of space, the signal's angles of arrival are convolved with a sinc function. This is a standard property of the Fourier transform: multiplying by a window in one domain translates into a convolution with a sinc in the other domain. Thus each impulse from the corresponding angle as in Fig. 2(b) and (b' ) is transformed as a sinc function as shown in Fig. 2(c) and (c') . The convolution with a sinc makes the signal look different across frequencies. Specifically, the precise shape of the sinc changes with the transmission frequency. This is because the distances between antennas are measured relevant to the wavelength of the transmission signal. Hence, at higher frequency, the distance between antennas seem larger and the sinc narrower.
• Superposition, Fig. 2(a) to (e)-(e'):
At this point, the signals components from different paths super-impose at the receiver. Thus, the base station gets a super-position of the blue and red sincs in Fig. 2(b) and (b'), scaled by their respective phases that (as described earlier) are different. This results in Fig. 2(d) and (d') that now look significantly different.
• Fourier Transform, (Fig. 2(d)-(d') to (e)-(e'): Finally, we apply the Fourier transform to take the super-imposed sincs in Fig. 2(d) and (d') to the wireless channels sampled at the five antenna locations, and shown in Fig. 2(e) and (e').
So far, we have discussed how the underlying paths lead to different channels at different frequencies. To move from wireless channels to their underlying signal paths, R2-F2 must invert this whole process. Specifically, we need to: (1) Invert the Fourier transform; (2) Separate the super-imposed sincs; (3) Undo the windowing effect; and (4) Correct for the difference in phase between the two frequencies. We use the insights developed here to formulate this end-to-end pipeline as a single L2-minimization problem. We then solve the L2-minimization problem to recover the path parameters using wireless channels on one frequency band and use them to estimate the channels on a different frequency band. A detailed discussion of the mathematical representation and our algorithm is presented in the extended paper( [6] ).
FIGURE 3. (a)
Beamforming: This figure depicts the CDF of the SNR at the client without beamforming, using beamforming with the channels predicted by R2-F2 and using beamforming with the true channels measured at the client. R2-F2 achieves ~6 dB SNR gain over no beamforming (without any channel feedback), which is just 0.7 dB less than beamforming with ground truth channels. (b) Edge Client Nulling: R2-F2 can also reduce inter-cell interference by enabling the base station to null its signal to the clients at the cell edge. R2-F2 reduces the interference at the edge from a median of 5.5 dB to 0.2 dB and the 90 th percentile from 9 dB to 0.9 dB. 
IMPLEMENTATION AND EVALUATION
We built R2-F2 in USRP software radios and integrated it with LTE OFDM. Our testbed emulates a small cell setting with a 5-antenna LTE base station. We deploy our base station within a few meters from one of the LTE base stations on our campus, to closely replicate a real-world commercial deployment. Our experiments are conducted in both indoor and outdoor settings.
Since we cannot transmit in the cellular spectrum, we operate our testbed on the 640-690 MHz white space frequency band, which is in the vicinity of the Verizon LTE band (only 30 MHz away). In our experiments, the uplink and downlink bands differ by 20MHz or 30MHz, which corresponds to the settings in Verizon and AT&T LTE networks. We highlight two of our measurements below.
Effectiveness of Beamforming
Beamforming is the key function underlying all MIMO solutions such as MU-MIMO, massive MIMO, etc. A base station can use multiple antennas to direct its signal towards the client, instead of spreading transmissions over a wide area. This leads to increased SNR (signal-to-noise ratio) and datarates for the client devices. However, in order to perform beamforming towards a client, the basestation needs to know the downlink wireless channel from each of the base station antennas to the client. Since R2-F2 can estimate the downlink channels from uplink channels, it does not need any feedback from the client. Here, we examine whether R2-F2's channel estimates can deliver the same beamforming gains as ground truth channels obtained as feedback from the client.
We compare the SNR delivered to clients by our 5-antenna base station using three different schemes: (a) Beamforming using channels estimated by R2-F2, (b) Beamforming using ground truth channel estimates, and (c) Transmission in the absence of beamforming. Fig. 3(a) plots the results. The channels computed by R2-F2 deliver accurate MIMO beamforming within 0.7 dB of the beamforming obtained with the ground-truth channels. The resulting SNR increase has improved the average data rates in our testbed by 1.7×. This result shows that R2-F2 can be used by MIMO solutions to deliver LTE throughput gain while eliminating channel feedback overhead.
Interference Nulling at Edge Clients
Clients at cell edge can suffer a significant amount of interference from neighboring cells, which could amount to 10 to 12 dB, leading to poor datarates for edge clients. A basestation can use its multiple antennas to cancel its interfering signal at the edge devices in the neighboring cells. This technique is called interference nulling and needs accurate channel estimates for the downlink channel from the basestation antennas to the client. R2-F2 can be used to estimate these channels without any overhead.
To evaluate this, we program our base station to cancel its interference at the edge clients using R2-F2 channel estimates and measure the decrease in the interference to noise ratio (INR). As shown in Fig. 3(b) , R2-F2 dramatically reduces the interference at edge clients from a median of 5.5 dB to 0.2 dB and the 90 th percentile from 9 dB to 0.9 dB.
CONCLUDING REMARKS
R2-F2 uses wireless channel measurements on one frequency band to infer channels on a different frequency band. By doing so, R2-F2 enables multi-antenna techniques to be used in LTE systems with zero feedback from the client. R2-F2's performance was demonstrated empiricaly with uplink and downlink channels separated by 20-30 MHz, as in the majority of LTE deployments in United States [7] . Beyond LTE, our work has implications on the general concept of reciprocity across frequency bands, for other wireless technologies, such as wireless LANs and whitespace networks. However, we note that the relatively small separation of uplink and downlink frequencies in LTE ensures that reflection properties of objects in the environment and the divergence between physical propagation characteristics is limited.
